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We re-investigate the magnetically frustrated, diamond-lattice-antiferromagnet spinels FeAl2O4
and MnAl2O4 using magnetization measurements and diffuse scattering of polarized neutrons. In
FeAl2O4, macroscopic measurements evidence a ”cusp” in zero field-cooled susceptibility around
13 K. Dynamic magnetic susceptibility and memory effect experiments provide results that do not
conform with a canonical spin-glass scenario in this material. Through polarized neutron scattering
studies, absence of long-range magnetic order down to 4 K is confirmed in FeAl2O4. By modeling the
powder averaged differential magnetic neutron scattering cross-section, we estimate that the spin-
spin correlations in this compound extend up to the third nearest-neighbour shell. The estimated
value of the Lande´ g factor points towards orbital contributions from Fe2+. This is also supported
by a Curie-Weiss analysis of the magnetic susceptibility. MnAl2O4, on the contrary, undergoes a
magnetic phase transition into a long-range ordered state below ≈ 40 K, which is confirmed by
macroscopic measurements and polarized neutron diffraction. However, the polarized neutron stud-
ies reveal the existence of prominent spin-fluctuations co-existing with long-range antiferromagnetic
order. The magnetic diffuse intensity suggests a similar short range order as in FeAl2O4. Results
of the present work supports the importance of spin-spin correlations in understanding magnetic
response of frustrated magnets like A-site spinels which have predominant short-range spin correla-
tions reminiscent of the ”spin liquid” state.
PACS numbers: 75.25.-j, 75.30.Et, 75.50.-y
I. INTRODUCTION
AB2X4 (A = Mn, Fe, Co; B = Al, Sc; X = O, S)
spinels are frustrated magnets which exhibit spin liq-
uid, [1] orbital liquid [2] or orbital glass [3] states that
arise from magnetic frustration effects. In A-site spinels,
where the magnetic atom occupies the tetrahedrally co-
ordinated A site and forms a diamond lattice, frustration
arises from competing nearest neighbour (n.n.) and next-
nearest neighbour (n.n.n.) exchange interactions. [1–4]
This scenario is different from the case of B-site spinels
where the magnetic atoms form a pyrochlore-type lattice
and hence the observed frustration effects are inherently
geometric in nature. Ideally, a diamond lattice antifer-
romagnet with only n.n. coupling J1 is not magnetically
frustrated. Additional interactions in the form of n.n.n.
couplings, J2, are necessary to create frustration. Monte
Carlo (MC) simulations based on the ”order by disorder”
[5] scenario in diamond lattice antiferromagnets predict
that exotic phases like a spiral spin liquid are realized for(
J2
J1
)
> 18 .[6] The experimental verification of spiral spin
liquid in this class of materials is still lacking. In the Al-
based A-site spinel series, CoAl2O4 has been investigated
in detail as a promising candidate for the ”order by dis-
order” physics. However, existing literature on CoAl2O4
∗Electronic address: h.nair@fz-juelich.de
is contradictory – an early report by Roth predicts an
antiferromagnetic (AFM) ground state; [7] Krimmel et
al., showed a liquid-like magnetic structure factor [1] and
Tristan et al., suggested spin-glass-like physics. [4] Re-
cent neutron diffraction studies combined with MC sim-
ulations confirm the ground state to be AFM and the
phase above TN to be a ”spin liquid”. [8] The magnetic
ground state of FeAl2O4 is reported to be similar to that
of CoAl2O4 with predominantly spin-glass-like features.
[4] On the other hand, MnAl2O4 shows long-range mag-
netic order below TN ≈ 45 K. [1, 4] The existing re-
ports on (Fe, Mn)Al2O4 more-or-less confirm spin-glass-
like character for the Fe-spinel while the Mn-compound is
described as an antiferromagnet. However, being in close
proximity to the ”spin liquid” system CoAl2O4 in terms
of the energy scales (comparable Curie-Weiss tempera-
tures), it is worthwhile to re-investigate the Fe- and Mn-
spinels in order to probe their physics in detail, keeping
in mind that the nature of short-range magnetic correla-
tions or the exact magnetic ground state of these systems
are not unambiguously determined. In this paper we fo-
cus on the study of spin-spin correlations in FeAl2O4 and
MnAl2O4. Our experiments bring us closer to the true
ground state of these frustrated magnets: we show that
in FeAl2O4 short-range magnetic order prevails and it
does not form a canonical spin-glass, we determine the
magnetic structure of the long-range ordered phase in
MnAl2O4 and show that short- and long-range order co-
exist in this material.
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FIG. 1: (color online) The powder x ray diffractograms of (a)
FeAl2O4 and (b) MnAl2O4 along with Rietveld refinement
fits. Both the compounds are refined in cubic Fd3m space
group. The reliability factors of the refinements are indicated
in the graphs. The insets of (a) and (b) show the variation
of goodness-of-fit with cationic inversion parameter, x, for
FeAl2O4 and MnAl2O4 respectively.
II. EXPERIMENTAL DETAILS
The polycrystalline samples used in the present investi-
gation were prepared through solid state synthesis routes
following a prescription reported earlier. [1] This proto-
col of synthesis adopts a slow cooling rate for synthe-
sis and thereby minimizes cation inversion. The cool-
ing rates adopted for our samples were 15–10 C/h. The
synthesized samples were characterized by laboratory x
rays using a Huber G670 diffractometer with monochro-
matic Cu-Kα radiation. Magnetic measurements in
field-cooled (FC) and zero field-cooled (ZFC) modes
were carried out on polycrystalline pellets in a com-
mercial SQUID Magnetic Property Measurement System
(MPMS, Quantum Design Inc.) using ultra-low field op-
tion and also using the Vibrating Sample Magnetometer
(VSM) option of Physical Property Measurement System
(PPMS, Quantum Design Inc.). The protocol for mem-
ory effect reported by Mathieu et al., [9] was followed to
search for a possible spin-glass phase in FeAl2O4. Neu-
tron diffraction patterns with polarized neutrons and po-
larization analysis were recorded at the diffuse neutron
TABLE I: The refined lattice constant (a), oxygen position
(u) and inversion parameter (x) for FeAl2O4 and MnAl2O4 at
room-temperature. The goodness-of-fit are also represented.
In the cubic Fd3m space group of AB2X4, A-site is 8a(
1
8
, 1
8
, 1
8
);
B-site is 16d( 1
2
, 1
2
, 1
2
) and X-site is 32e(u,u,u).
Spinel a (A˚) u x χ2
FeAl2O4 8.15826(4) 0.2644(2) 0.02(3) 2.2
MnAl2O4 8.20979(4) 0.2659(1) 0.014(4) 2.4
spectrometer DNS [10] at the MLZ in Garching, Ger-
many. Using XYZ polarization analysis [11] the coherent
nuclear, the spin-incoherent and the magnetic scattering
can be separated. The wavelength of incident neutrons
was λ = 4.2 A˚ leading to a maximal scattering vector
magnitude of Q = 2.67 A˚−1. Due to the long neutron
wavelength, only a small portion of reciprocal space can
be probed. Rietveld refinements [12] of the x ray and
neutron powder diffraction data were performed using
FULLPROF suite program. [13] The software SARAh
[14] was used for magnetic structure determination using
representational analysis.
III. RESULTS
A. Crystal Structure: FeAl2O4 and MnAl2O4
The powder diffraction patterns of FeAl2O4 and
MnAl2O4 are shown in Fig 1 (a) and (b) respectively.
Rietveld refinement of the data yield a lattice constant
value of a(A˚) = 8.1582(4) for FeAl2O4 and 8.2097(2)
for MnAl2O4 respectively, which are comparable to re-
ported values. [4] The results of Rietveld refinement for
both spinels are shown in Fig 1. In a ”normal” AB2X4
spinel with cubic Fd3m (227) space group, A occupies
the Wyckoff position 8a (18 ,
1
8 ,
1
8 ); B occupies 16d (
1
2 ,
1
2 ,
1
2 ) and oxygen occupies 32e (u, u, u) where u =
0.25. The refined value of u = 0.2644(2) obtained in the
present case for FeAl2O4 deviates from the ideal spinel
value but is comparable with previous reports claiming
a low degree of inversion. [4] In order to ascertain the
percentage of cation inversion, refinement of the x ray
data was carried out assuming the stoichiometric for-
mula (A1−xAlx)[Al2−xAx]O4 (A = Fe, Mn) where x is
the inversion parameter. During the Rietveld fit of the
x ray data, the parameters that were varied are the zero
point shift, scale factor, background, profile parameters,
lattice parameters, oxygen position and the inversion pa-
rameter. The Debye-Waller factors were fixed at isotropic
values obtained from powder diffraction studies on sim-
ilar spinels.[15] A value of the order of x = 0.02(3) was
obtained suggesting that the degree of inversion is in-
significant. The Rietveld refinements were performed to
test for the best value of χ2 by varying the degree of in-
version from x = 0 to 1. The results obtained in this
way support the low content of inversion in the sam-
ples and are presented as insets of fig 1 (a) and (b) for
FeAl2O4 and MnAl2O4 respectively. Within the resolu-
tion of the observed data, no residues of unreacted oxides
of Fe or Mn were traceable however an unidentified weak
signal at 2Θ ∼ 26◦ is observed in the case of FeAl2O4.
The magnetic measurements which are presented later
on do not lead to suspicion about major magnetic im-
purities in the samples. In Figure 2 (a), which shows
the ZFC and FC magnetization curves for FeAl2O4, a
magnetic anomaly is evident at 13 K, where the curves
bifurcate. The magnetic susceptibility at high temper-
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FIG. 2: (color online) (a) ZFC and FC magnetization curves
for FeAl2O4 show a magnetic anomaly at Ta ≈13 K. (b) Shows
the plot of 1/χ(T ) and the CW fit which starts to deviate close
to 100 K. (c) Shows that the scaling of M versus H/T deviates
at low temperature ruling out the presence of superparamag-
netic clusters. (d) The ZFC memory effect experiment with
a Tstop at 10 K to test the spin-glass phase in FeAl2O4. (e)
Shows the difference between the two ZFC curves in (d) which,
ideally, should display a significant peak at Tstop if canonical
spin-glass phase was present. The error bars were comparable
to the size of data points.
ature was analysed using the Curie-Weiss expression,
χ(T ) =
µ2B
3kB
(
g2
eff
S(S+1)
T−Θ
)
leading to an effective param-
agnetic moment, µeff = geff
√
S(S + 1) ≈ 5.3(4) µB/f.u.
and Curie-Weiss temperature, ΘCW = -120(1) K. The ef-
fective paramagnetic moment is comparable to the spin-
only moment value 4.9 µB/f.u. for Fe
2+ (3d6; S = 2; L
= 2). Slight differences in the effective moment value in
the case of FeAl2O4 have been attributed to the orbital
degrees of freedom pertaining to Fe2+.[1, 4]
Previous reports of bulk magnetic properties, neutron
diffraction and Mo¨ssbauer spectroscopy have attributed
the observed anomalies to a spin-glass or spin-glass-like
phase in FeAl2O4. [4, 16] The plot of inverse magnetic
susceptibility and CW fit are presented in Fig 2 (b) which
shows deviation from linear behaviour close to 100 K it-
self, signifying that the spin correlations extend to high
temperatures. In Fig 2 (c), a scaling of M versus H/T at
three different temperatures, derived from the isothermal
magnetization plots, is presented. At low temperatures
below the Ta, a perfect scaling is not observed thus rul-
ing out the possibility that FeAl2O4 could be a system
of non-interacting paramagnetic clusters.[17]
In order to ascertain whether a genuine canonical spin-
glass phase is present, we performed memory effect ex-
periments. In this experiment, initially a ZFC curve
Mzfc was recorded in the warming cycle at constant rate
of heating. Next, the sample was zero field-cooled to
Tstop = 10 K < Ta and held constant for tw = 3 h;
afterwards the sample is cooled to the lowest temper-
ature. Finally, the magnetization M stopzfc was measured
while warming the sample at the same constant rate as
done for Mzfc. The resulting magnetization curves are
presented in Fig 2 (d). For canonical spin-glass materi-
als, the difference between these two curves, i.e., ∆M =
(Mzfc -M
stop
zfc ) should present a peak centered at the tem-
perature at which the halt was administered (i.e., Tstop).
[9] The ∆M for FeAl2O4 presented in Fig 2 (e) does not
support a canonical spin-glass state. The memory effect
experiment was repeated for lower values of applied fields
of 50 and 100 Oe which also did not present ”memory”.
The memory effect in canonical spin-glasses can be de-
scribed based on heirarchical organization of metastable
states as a function of temperature which attempts to ex-
plain the effect based on a phase space picture where the
free energy barriers grow as temperature is reduced.[18]
Equivalently, a real space picture of ”droplets” of spins
can also be used. [19] Below the spin-glass transition,
the ”droplet-picture” assumes the presence of only one
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FIG. 3: (color online) Real (a) and imaginary (b) parts of ac
susceptibility, χ(T ), of FeAl2O4 at various frequencies. No
significant frequency-dependence of Ta is observed. Real (c)
and imaginary (d) parts of χ(T ) at 9999 Hz with increasing
dc amplitude of measuring ac field. For the sake of clarity,
only the curves at 2 Oe interval are shown.
4phase and it’s spin-reversed counterpart but the spins
arrange randomly as dictated by the disordered nature
of interactions and effect of temperature. Though the
spinel compounds investigated in the present work are
frustrated, the lack of site disorder reduces the probabil-
ity of formation of a true spin-glass phase.
Ac susceptibility experiments on FeAl2O4 also do not
support a spin-glass-like phase. The real and imaginary
parts of ac susceptibility at different frequencies in the
range 333 Hz to 9999 Hz presented in Fig 3 (a) and (b)
do not show frequency-dependent shifts of Ta which is a
typical feature of spin-glasses. Crucial features of spin-
glass state are the presence of relaxation processes of all
time scales and aging. Signature of aging is visible in
the real and imaginary parts of ac susceptibility where
the susceptibility relaxes down. Moreover, for a canoni-
cal spin glass transition, dynamical scaling holds near the
critical temperature and hence susceptibility should obey
critical scaling. Then, the apparent spin-glass transition
temperatures at finite frequencies as fixed by the peak of
ac susceptibility curves must obey power law. [20] These
features are absent in the ac susceptibility of FeAl2O4.
Increasing the dc amplitude of the ac measuring field only
enhances the magnetic susceptibility, typical of antiferro-
magnets, Fig 3 (c) and (d).
B. Polarized Neutron Scattering: FeAl2O4
1. Short-range spin correlations
From the macroscopic magnetic measurements, it is
clear that FeAl2O4 has a complex ground state which is
not explainable within the canonical spin-glass scenario.
In order to understand the observed magnetic proper-
ties and to disentangle the long- and short-range mag-
netic contributions, spin-spin correlation functions are
extremely helpful. The spin correlation functions can
be experimentally determined through the technique of
polarized neutron scattering with polarization analysis
which separates the nuclear and magnetic scattered in-
tensities from the total scattered intensity. Within the
quasistatic approximation, the nuclear coherent (nc), nu-
clear spin-incoherent (nsi) and magnetic (m) scattering
cross sections are separated using the xyz-polarization
analysis in the spin-flip (SF) and non spin-flip (NSF)
channels. [11] The xy-plane is defined by the multi-
detector array of DNS instrument which makes the scat-
tering vector Q always perpendicular to the z-direction.
The SF and NSF partial differential cross sections are
then, (
dσ
x,y,z
SF
dΩ ) and (
dσ
x,y,z
NSF
dΩ ). By making suitable combi-
nations of the expressions for cross sections, the nuclear
coherent, nuclear spin-incoherent and magnetic scatter-
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FIG. 4: (color online) Magnetic (a), nuclear coherent (b),
and nuclear spin-incoherent (c), contributions to the differen-
tial scattering cross-section of FeAl2O4 at 4 K. (d) Shows the
magnetic scattering cross-sections at 40, 100, 200 and 290 K.
The Y-axis scale is offset by a factor of 1.2 for clarity. Polar-
ization analysis becomes less reliable at the positions of strong
nuclear reflections, which produces the scatter of data points.
ing components can be separated [11]:
(
dσ
dΩ
)
m.
= 2
(
dσSFx
dΩ
+
dσSFy
dΩ
− 2
dσSFz
dΩ
)
= −2
(
dσNSFx
dΩ
+
dσNSFy
dΩ
− 2
dσNSFz
dΩ
)
(
dσ
dΩ
)
nc.
=
(
dσNSFz
dΩ
−
1
2
dσ
dΩm.
−
1
3
dσ
dΩnsi.
)
(
dσ
dΩ
)
nsi.
=
3
2
(
3
dσSFz
dΩ
−
dσSFx
dΩ
−
dσSFy
dΩ
)
These equations hold for ideal experimental conditions
for polarization and flipping ratio.
In order to obtain the absolute scattering cross sec-
tions, vanadium standard is usually measured separately
in the same experimental conditions.
The results of polarized neutron scattering experiment on
FeAl2O4 are presented in Fig 4. The magnetic (a), nu-
5clear coherent (b) and nuclear spin-incoherent (c) contri-
butions to differential scattering cross-section at 4 K are
shown separately. Figure 4 (d) shows the magnetic cross-
sections at 40, 100, 200 and 290 K where a gradual loss
of spin correlations and transition to a pure form factor
square decay of the intensity with temperature is evident.
The nuclear coherent scattering intensities of FeAl2O4 at
4 K as presented in Fig 4 (b), can consistantly be de-
scribed with the structural parameters obtained from x
ray refinements. The refined lattice parameters are com-
parable to the values obtained from x ray data analysis.
It is clear from Fig 4 (a) that FeAl2O4 does not enter a
magnetically long-range ordered state down to 4 K. The
broad and diffuse nature of the magnetic scattered inten-
sity suggests that the spins in FeAl2O4 are correlated to
each other over short distances.
In order to obtain a quantitative estimate of the spin-
spin correlations in FeAl2O4, we modeled the observed
spin correlations by calculating the powder averaged dif-
ferential magnetic cross-section, [21]
(
dσmag
dΩ
)
=
2
3
(
γe2
mc2
)2 (g
2
)2
S(S + 1)f2(Q)×[
1 +
N∑
n=1
〈S0 · Sn〉
S(S + 1)
cn
sin(QRn)
QRn
]
(1)
where, (γe2/mc2) = 5.39 pm is the magnetic scattering
length, f(Q) is the magnetic form factor of the Fe2+ ion
(or Mn2+ in the case of MnAl2O4) [22] and Rn and cn
are the radius and coordination number of the nth near-
neighbour shell respectively. The above expression is a
simplified form for isotropic spin pair correlations, while
the complete form contains additional terms, see [23].
The magnetic part of the differential cross-section data
for FeAl2O4 at 4, 40 and 100 K were least-square fitted
as per Eqn (1). The normalized nth near-neighbour pair
correlations, 〈S0·Sn〉
S(S+1) , and the Lande´ factor, g, were set as
adjustable fitting parameters. The initial value of S was
fixed at 2 corresponding to the spin of Fe2+. The fitting
results are shown as solid lines in Fig 5 (a), (b) and (c)
along with the data for 4, 40 and 100 K. The fit param-
eters are summarized in Table II. For a comparison, the
form-factor of Fe2+ (S = 2) is plotted in Fig 5. The fit-
ting is limited to n = 6, 5 and 2 for temperatures 4, 40
and 100 K, respectively, as can be seen from the table.
The negative and positive signs of the normalized near-
neighbour pair correlations stand for antiferromagnetic
and ferromagnetic type of spin correlations, respectively.
It is clear that the nearest neighbours are antiferromag-
netically coupled and the next-nearest-neighbours show
weak ferromagnetic correlations. There exist very little
correlations for n > 3 neighbours, but including the n >
3 neighbours was necessary to achieve good fits to the
4 and 40 K data. Also, we can see the degree of cor-
relation decreases as the temperature increases from 4
to 100 K. The Lande´ factor, g, estimated from the fit
is larger than the spin-only value 2, which could be due
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FIG. 5: (color online) (a-c) The magnetic scattering inten-
sity of FeAl2O4 at 4, 40 and 100 K along with the fit curve
(blue solid line) assuming 4th n.n. (40 K) shell and 5th n.n.
(4 K) shell, following Eq (1). The red (−−) line is drawn
proportional to f2(Q) for Fe2+. (d) shows that the spin-spin
correlation length, ξ, decreases as temperature increases.
to orbital contribution from Fe2+ ions. This result may
suggest an orbital contribution to the estimated effective
moment as deduced from the CW analysis of the mag-
netic susceptibility. The magnetic scattering intensity at
different temperatures, as presented in Fig 4, were also
analyzed using Lorentzian function to model the peak
function and extract the magnetic correlation length, ξ.
The value, ξ(A˚) ≈ 11 obtained is roughly three times the
Fe–Fe bond distance in FeAl2O4 (≈ 3.5 A˚), or, close to
fifth n.n distances of Fe (A preliminary estimate using
the expression ξ ≈
(
2pi
∆Q
)
, where ∆Q is the full-width-
at-half-maximum of the correlation peak also gave sim-
ilar value). In Fig 5 (d), the temperature evolution of
ξ is presented, which shows that the correlation length
gradually decreases with temperature. It is clear that the
short-range spin-spin correlations persist to temperatures
T > Ta.
6TABLE II: Parameters estimated from fits to magnetic cross-section of FeAl2O4 using Eqn (1). g is the Lande´ factor,
〈S0·Sn〉
S(S+1)
denotes the spin-spin correlations and ǫ2 is an indicator of the goodness of fit, defined such that for the best fit ǫ2 ≈ 1. The
parameters (cn, Rn(A˚)) used for the fits, for example at 4 K, are: (c1, R1) = (4, 3.53); (c2, R2) = (12, 5.77); (c3, R3) = (12,
6.76); (c4, R4) = (6, 8.15); (c5, R5) = (12, 8.89); (c6, R6) = (8, 9.9). The terms for the third and higher shells are rather
insignificant however, they were necessary for a faithful fit.
T (K) g 〈S0·S1〉
S(S+1)
〈S0·S2〉
S(S+1)
〈S0·S3〉
S(S+1)
〈S0·S4〉
S(S+1)
〈S0·S5〉
S(S+1)
〈S0·S6〉
S(S+1)
ǫ2
4 2.453(18) -0.512(20) 0.144(15) 0.013(20) -0.056(71) -0.095(37) 0.030(14) 0.985
40 2.435(18) -0.325(12) 0.056(16) 0.005(18) 0.000(80) -0.032(16) - 0.965
100 2.359(17) -0.157(12) 0.005(6) - - - - 0.933
C. Magnetization: MnAl2O4
The magnetization data of MnAl2O4 presented in Fig 6
display a magnetic phase transition at ≈ 40 K. Analyz-
ing the paramagnetic regime of the magnetization curve
using the CW law, an effective paramagnetic moment
µeff ∼ 5.6(3) µB/f.u. and ΘCW = -126(2) K are ob-
tained. The experimentally obtained effective moment
value is comparable to the theoretical spin-only value of
Mn2+ (3d5; S = 52 ; L = 0), 5.9 µB/f.u. The frustration
parameter f for MnAl2O4 is 3.5, which is low compared
to the value for FeAl2O4. Though the f value is less than
half of that for FeAl2O4, the ΘCW values of both systems
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FIG. 6: (color online) (a) The ZFC and FC magnetization
curves of MnAl2O4 showing a bifurcation at TN ≈ 40 K. The
inset shows the Curie-Weiss fit of inverse magnetic suscepti-
bility. (b) Shows the magnetic hysteresis at 5, 50 and 200 K.
are comparable, indicating that the dominant exchange
interactions are comparable.
D. Polarized Neutron Scattering: MnAl2O4
1. Co-existence of short- and long-range spin correlations
The results of polarized neutron scattering experiment
on MnAl2O4 are presented in Fig 7 and Fig 8. In Fig 7
(a), the nuclear coherent contribution to the differential
scattering cross-section at 4 K is shown. The structural
model as obtained from x ray powder diffraction yields
reasonable agreement, while the DNS instrument is not
a dedicated powder diffractometer. Similar to the case
of FeAl2O4, the nuclear scattering intensity was refined
using the Fd3m space group symmetry, as presented in
Fig 7 (a) for 4 K data. The nuclear spin-incoherent and
magnetic contributions at 4 K are presented in Fig 7
(b, c) respectively. The separated magnetic intensity ex-
hibits (111) and (222) Bragg peaks and additional peaks
at (002) and (311). The magnetic reflections could be
indexed using k = (000) which lead to two possible irre-
ducible representations (IR), Γ8 and Γ9 (according to the
numbering scheme of Kovalev [24]). Though limited in
Q-range, the magnetic scattered intensity was analyzed
in Γ8 representation and the results of the Rietveld refine-
ment are presented in Fig 7 (c) as the indices of magnetic
reflections (111), (002), (311) and (222). The magnetic
structure suggested by the refinement is schematically
represented in Fig 9. However, the magnetic moment di-
rection in the case of cubic symmetry cannot be uniquely
determined from powder diffraction data alone. [25] The
observed and calculated intensities for (111), (002), (311)
and (222) reflections are collected in Table IV for a com-
parison. The average magnetic moment at 4 K visible in
the Bragg reflection is refined to a value of 1.17(4) µB
which is considerably reduced compared to the spin-only
saturation moment assuming complete long range order
of the Mn-lattice. Roth reported the magnetic struc-
ture of MnAl2O4 where each spin at the A site is sur-
rounded by oppositely aligned nearest neighbour spins in
one tetrahedra. [7] However, Tristan et al., [4] point out
that the simple collinear picture and the estimated tran-
sition temperature of 6.4 K by Roth disagree with the
observation of diminished value of local moment 5 µB
7(for a fully ordered spin-only system) and TN ≈ 40 K.
Thus it is clear that significant magnetic disorder per-
sist down to lowest temperatures. The cation inversion
was suggested as the reason where Mn spins at A and
B sites build paramagnetic clusters. However, later, by
neutron powder diffraction study the magnetic structure
of MnAl2O4 was deduced as a collinear antiferromagnetic
type with TN ≈ 42 K.[26]
It is clear that the low temperature magnetic properties
of MnAl2O4 are different from those of FeAl2O4 as sharp
peaks signify long-range magnetic order to emerge below
45 K (Fig 7 (c)) . However, besides sharp peaks due to
long-range order, we observe diffuse intensity in the or-
dered state, which survives above the Nee´l temperature
TN ≈ 40 K, centered around |Q| ≈ 1.3 A˚
−1. At 200 K,
the scattered intensity follows more or less the form fac-
tor behaviour of free magnetic ion Mn2+. The magnetic
scattering cross-section of MnAl2O4 at 45, 100 and 200 K
is presented in Fig 8 (a-c). The diffuse magnetic intensity
observed for MnAl2O4 at 45 K and 100 K were analyzed
using Eqn (1) as was done in the case of FeAl2O4. The
results of the fit are presented in Fig 8 (a) as solid lines
and the estimated parameters for 45 K data are presented
in Table IV. Inclusion of three n.n shells was required to
obtain a satisfactory fit. Since Mn2+ is an L = 0 ion,
the deviation from the spin-only value is not significant.
Fits were also performed by keeping g constant at the
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FIG. 7: (color online) (a) Nuclear coherent contribution to
the differential scattering cross-section of MnAl2O4 at 4 K.
The results of Rietveld fit in Fd3m space group are shown
and Bragg peaks are marked. (b) Shows the nuclear spin-
incoherent cross section. (c) Shows the indexed magnetic
peaks at 4 K. In contrast to FeAl2O4, long-range order is
present at 4 K.
spin-only value, however, it did not lead to significant
changes in the parameters. From the refined parameters,
〈S0·S1〉
S(S+1) , prominant n.n antiferromagnetic and n.n.n fer-
romagnetic exchange were concluded, similar to the case
of FeAl2O4. In the case of FeAl2O4,
〈S0·S1〉
S(S+1) = -0.325(12)
at 40 K whereas in the case of MnAl2O4, it is -0.360(10)
at 45 K.
The temperature evolution of the peak intensity of the
(002) magnetic reflection of MnAl2O4 is presented in
Fig 10 (a). For this measurement, the detector bank of
the DNS instrument was aligned such that (002) Bragg
peak illuminates a specific detector tube and the inten-
sity was recorded as a function of temperature. As such,
the detector signal does not represent the integrated but
the peak intensity. The angular coverage of a single tube
is sufficient to account for the lattice expansion in the
respective temperature region. The magnetic intensity
sharply decreases around TN ≈ 40 K where the magnetic
phase transition occurs, however, it can be seen from the
figure that even at T > TN , there exists non-zero inten-
sity signifying the presence of magnetic fluctuations. We
analyse the temperature evolution in terms of a mean-
field approximation, giving the reduced sublattice mag-
netization [27]:
M = BS
[
3S
(S + 1)
(
TN
T
)
M
]
(2)
whereM is the magnetic intensity, S is the spin quantum
number and BS is the Brillouin function. The scattered
intensity is proportional to the square of the magneti-
zation. We take the diffuse intensity into account by
adding a sloping line. Leaving S a free parameter, the
model yields S = 2.3(2), TN = 40(1) K in agreement with
S = 52 for Mn
2+ and the macroscopic data.
IV. DISCUSSION
Previous reports on magnetic properties of A-site
spinels have suggested spin-glass-like and antiferromag-
netic ground states, respectively, for FeAl2O4 and
MnAl2O4. [4, 16] Early reports on the spin-glass phase
in FeAl2O4 were based on experiments performed on
samples with relatively significant degree of cation in-
version (for example, 17 % reported in [16]). In FeAl2O4
samples with approximately 8 % cation inversion, prox-
imity to spin-glass phase was suggested by Krimmel et
al. But the reported quadratic T -dependence of specific
heat of FeAl2O4 at low temperature is in contradiction
TABLE III: Spin-spin correlation parameters estimated from
the fits to the magnetic cross-section of MnAl2O4 using
Eqn (1) for 45 K data.
g 〈S0·S1〉
S(S+1)
〈S0·S2〉
S(S+1)
〈S0·S3〉
S(S+1)
ǫ2
2.110(13) -0.360(10) 0.166(10) -0.122(11) 0.953
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FIG. 8: (color online) (a-c) Magnetic scattering cross-sections
at 45, 100 and 200 K, respectively. The curve-fit according
to Eqn (1) for 45 K is shown. The step-like features seen in
200 K data are attributable to inefficient detector calibration.
The gray (−−) line is drawn proportional to f2(Q) of Mn2+.
with the T -linear response of canonical spin glasses. To
explain this discrepancy, an argument based on spin-
orbital liquid due to the presence of Jahn Teller Fe2+
in tetrahedral-site was put forward in [4] in comparison
with observations on FeSc2S4 [2] and FeCr2S4. [3]
Our macroscopic magnetic measurements, ac susceptibil-
ity and memory effect test, have ruled out a spin glass
scenario in FeAl2O4 samples with particularly low de-
gree of cationic inversion. The apparent different be-
haviour of our samples (virtually no cation inversion and
no spin-glass behaviour) and samples from earlier reports
(large cation inversion, interpretation in the framework
of spin-glass scenario) could be due to the additional
disorder in the latter samples, which – together with
magnetic frustration – could indeed lead to a spin-glass
phase, so no unambiguous proof has been given in [1]
and [4]. The diffuse magnetic scattering results presented
here on FeAl2O4 are direct confirmation of the predom-
inant short-range order present down to 4 K. The anal-
ysis of magnetic scattered intensity shows that the spin-
spin correlations in FeAl2O4 extend up to third-nearest-
neighbour shells in the spinel unit cell. It is tempting
to interpret the results on Fe, Mn-spinels based on the
”order by disorder” physics adopted to the case of A-site
spinels which are diamond-lattice antiferromagnets. [6]
In this scenario, frustration is brought about by com-
petition between the nearest and next-nearest-neighbour
TABLE IV: The observed (F 2obs) and calculated (F
2
calc) inten-
sities for the (hkl) reflections presented in Fig 7 (c).
(h k l) F 2obs F
2
calc d-spacing
(1 1 1) 0.195(2) 0.192 4.75287
(0 0 2) 0.912(2) 0.977 4.11611
(3 1 1) 0.034(4) 0.039 2.48211
(2 2 2) 0.199(3) 0.209 2.37644
interactions, J1 and J2, and the magnetic ground state
is tuned by the ratio of these values. Accordingly, in the
weakly frustrated limit where 0 ≤
(
J2
J1
)
≤ 18 , the mag-
netic ground state is the Ne´el phase with anti-parallel
spins on the n.n’s. As the value of J2 increases, the
Ne´el phase transforms to spiral spin liquid phase. In-
crease in frustration through increase in J2 also results
in the reduction of TN with respect to ΘCW. In the case
of FeAl2O4, with ΘCW ≈ 121 K and Ta ≈ 13 K, a no-
table reduction in Ta is clear which suggests the enhance-
ment of J2. The mean-field exchange parameter, JMF,
reported [1] for FeAl2O4 is 16.25 K, which lies between
those of MnAl2O4 (JMF = 12.3 K) with
(
J2
J1
)
≈ 0.09 and
CoAl2O4 (JMF = 20.8 K) with
(
J2
J1
)
≈ 0.17. From these
values, it is suggestive that the magnetic ground state
evolves from Ne´el state in MnAl2O4 towards spin-liquid
in FeAl2O4. This is reflected in the coexistence of long-
and short-range order in Mn-spinel and the dominance
of short-range spin fluctuations in the Fe-spinel in our
study. In a detailed neutron scattering study on single
crystal of CoAl2O4, MacDougall et al., [28] argue that
the phase transition observed at 6.5 K shows first-order
nature with long-range magnetic order being inhibited by
kinetic freezing of domain walls. While such a scenario
based on kinetic freezing of domain walls can form the ba-
sis for glassy-like features observed in some of the A-site
spinels, our magnetic measurements on FeAl2O4 show no
signatures of glass-like freezing. From the present exper-
FIG. 9: (color online) The magnetic structure of MnAl2O4.
Only the Mn atoms that form the diamond lattice are shown.
The figure was created using the software Balls & Sticks.[34]
Note that the moment direction cannot be determined from
neutron powder diffraction for a cubic crystal system.
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FIG. 10: (color online) (a) The temperature dependence of
magnetic intensity of MnAl2O4, where the magnetic phase
transition at TN ≈ 40 K is clear. The solid red line shows
the fit according to a mean-field model as per Eqn (2). (b)
In the case of FeAl2O4, a linear curve of dominant magnetic
fluctuations is observed.
imental results it is not possible to verify the presence, if
at all, of clusters or domain-related liquid-like distribu-
tions which could be modeled by assuming rigid magnetic
droplets.
”Site inversion” wherein, the A-site and B-site cations
exchange their respective crystallographic positions, is
an important issue in spinels which has a strong bear-
ing on their magnetic properties. Depending on the de-
gree of inversion, quantified by the inversion parameter
x, normal (x = 0), random (x = 2/3) and inverse (x =1)
spinels exist. Through controlled synthesis the degree of
inversion can be lowered[4] however, a finite amount of
disorder exists in real compounds. Previous works on
spinels[15, 29] have reported the use of different temper-
atures of synthesis followed by different cooling rates and
quenching/annealing procedures to prepare samples with
different degrees of inversion. As mentioned in section II,
the present set of samples were synthesized at 1000 ◦C
by employing slow rates of cooling in order to obtain low
degree of inversion as suggested by the x-ray studies.
The effect of site inverson on the spin liquid state of A-
site spinels have been treated theoretically wherein the
effect of weak disorder is found to act as a degeneracy
breaking mechanism to select a preferred ground state
out of the manifold of available states.[30] The proposed
”swiss cheese model” which takes in to account the dis-
order effects shows that the presence of finite amount
of disorder does not diminish the frustration effects in
an antiferromagnetic diamond lattice. The samples of
FeAl2O4 studied here contain low amounts of disorder,
but even in the presence of it, frustration effects assume
importance. Recent work on CoAl2O4 by Roy et al.,[31]
and Hanashima et al.,[32] have taken into account the
important parameter of site inversion to explain the mag-
netic properties of A-site spinels.
In contrast to the case of FeAl2O4, MnAl2O4 is in the
weakly frustrated regime with evidently an antiferromag-
netic phase below TN . As noted above, a speculative es-
timation of
(
J2
J1
)
using mean-field approximation [1] and
comparison with the theoretical calculations [6] points
towards Ne´el phase in MnAl2O4. From our polarized
neutron measurements, sharp magnetic peaks are present
at 4 K which shows that MnAl2O4 develops long-range
order. Estimation of magnetic moment value through
refinement of magnetic scattering data at 4 K leads to
a value of 1.17(3) µB/f.u.. At 5 K, the macroscopically
measured magnetic moment under applied field of 50 kOe
was ≈ 0.4 µB/f.u. (see Fig 6 (b)) which is diminished as
compared to the spin-only ferromagnetic moment value
of Mn2+, 5 µB/f.u.. Through the polarized neutron ex-
periments we prove the existence of short-range order
coexisting with long range ordered regions in the case
of MnAl2O4; see Fig 10 and Fig 7. In this scenario,
where short-range and long-range ordered phases coex-
ist, a magnetic model of spin clusters or kinetically ar-
rested domains suggested in the case of CoAl2O4 could
also account for the features of diffuse magnetic scatter-
ing intensity.
V. CONCLUSIONS
To conclude, through polarized neutron scattering ex-
periments and polarization analysis, we observe predom-
inant short-range order in FeAl2O4, which extend up to
third nearest-neighbour shells in spinel unit cell. The
contribution from orbital degrees of freedom of Fe2+ to-
wards magnetism is suggested. Clear indication of long-
range antiferromagnetic order at 4 K is obtained in the
case of MnAl2O4. However, significant short-range order
coexist with long-range magnetic order in this compound
even at TN ≈ 40 K. A comparison of the magnetic be-
haviour of MnAl2O4 (Mn
2+; S = 52 ), FeAl2O4 (Fe
2+; S
= 2) and CoAl2O4 (Co
2+; S = 32 ) suggests a transition
from magnetically long-range order to short-range order
as the S value is reduced. This provides a hint for investi-
gating S = 1 and 12 spinels in search of quantum effects in
spin liquid states. Through our re-investigation, we have
convincingly shown that: (i) FeAl2O4 displays no long-
range magnetic order down to 4 K (ii) the true ground
state of minimally disordered FeAl2O4 is not a canonical
spin-glass (iii) in MnAl2O4, long- and short-range spin
correlations coexist. Remarkably, by considering quan-
tum fluctuations as the predominant mechanism that re-
lieves spin frustration, a phase diagram comprising of
six coplanar spiral ordering in addition to Ne´el phase
was suggested.[33] A strong connection between frustra-
tion and strength of quantum fluctuations was suggested.
However the important role played by the inversion pa-
rameter in choosing the magnetic ground state in A-site
spinels cannot be discarded.
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